In this article, we describe a Java-based virtual laboratory, accessible 
manufacturing engineering education (Jou & Zhang, 2006) , photonics (Chang, 2005) , robot control (Sartorius, 2006) , and electronic circuit simulation (Butz, Duarte, & Miller, 2006; Moure, 2004; Yang, 2005) , to name but a few.
All of these virtual laboratories are based on computer simulations, and have been developed with different programming languages such as Java (Gao, 2005) , Matlab (Sartorius, 2006) , or Macromedia Flash (Hashemi et al., 2006) . This article describes a virtual laboratory for electronic circuit simulation developed in Java and deployed as an applet which can be accessed through a Web browser.
One of the main topics of the Fundamentals of Physics for Computer Science subject at the Faculty of Computer Science ( http://www.fiv.upv.es/default_i.htm) and HTS of Applied Computer Science ( http:// www.ei.upv.es/webei/english/in_english/ in_english.php) at the Polytechnic University of Valencia (http://www.upv.es ) is the study of elementary electrical circuits, with both direct and alternating currents. The electrical circuit is also an important topic in other engineering studies at many universities. These studies are performed both from a theoretical point of view and a more practical one through applied lessons in a laboratory.
In these lessons, the students become familiarized with a series of devices, tools, and techniques, and they learn to analyse data, thus achieving skills and expertise. However, the students also face a lack of tools for their individual work, since they are unable to perform electrical experiments outside the laboratory. In addition, some students cannot attend the laboratory during their allocated time slot. Furthermore, the financial costs related to maintaining and updating the laboratory with modern equipment is also a major handicap.
With the simulation software described in this article (Gómez Tejedor, 2002; Gó-mez Tejedor, Barros Vidaurre, & Moltó Martínez, 2005) , the students are supplied with a useful and versatile tool for performing some of the practical lessons online (Gómez Tejedor, Barros Vidaurre, & Moltó Martínez, 2007) . One important question related to virtual laboratories is "Can the fundamental objectives of the instructional laboratories be met via software and computers?" (Hashemi et al., 2006) . In order to overcome this problem, we propose that virtual lessons should be complemented with real ones. On the one hand, the students can train themselves in the virtual environment before working in the laboratory and even improve their skills before examination. On the other hand, different practical lessons can be available online which, due to timetabling problems, cannot be performed in the real laboratory.
The main novelty of this work is that the students can make electrical circuits in a similar way as they do at a real laboratory. Only the virtual laboratories of Butz et al. (2006) and Moure (2004) have this built-in feature. In addition, another original point of our virtual laboratory is the possibility of configuring the program by the teacher by only editing a file, where the main options of the program are defined. This easy approach to configure the virtual laboratory makes it ideal to perform different practical lessons, where the environment is customised. Besides, our virtual laboratory is friendly accessible through the Web by only means of a Web browser.
This article is related to teaching the Fundamentals of Physics for Computer Science through the Internet (Mas, 2002) 
methodoLogy
This study introduces an important feature in the teaching methodology used within the laboratory, since it enables the students to train their skills using any computer connected to the Internet. The virtual laboratory allows students to learn how to operate the different devices found in a laboratory by means of a comprehensive user manual. Subsequently, they practice with virtual devices which resemble real ones. Practice is conducted either individually or in small groups, and without a schedule. This enables students to self-regulate their learning procedure, investing as much time as required.
It could be argued that using a virtual environment does not fully help the students to interact with real devices. However, our proposal combines both virtual and real lessons so that students can gradually become used to the actual technology employed in university laboratories.
Moreover, the virtual laboratory facilitates the design of more challenging practical lessons. Hence, the students can practice in the virtual laboratory before working in the real laboratory. Therefore, they can achieve a greater number of objectives, given the expertise gained using the software tools.
Finally, as previously mentioned, the students can use the virtual laboratory as a useful tool to prepare for the laboratory exam. Also, its ubiquitous access is of great benefit to those students that cannot attend the practical lessons in the laboratory.
the VIrtuAL LAborAtory of eLectrIcIty
The virtual laboratory has been entirely developed in Java (Newman, 1996) . The usage of Java represents a two-fold strategy. On the one hand, its portability enables the application to be executed on virtually any platform for which a Java Virtual Machine exists (Sun Microsystems, 2007) . On the other hand, a Java application can be deployed as an applet in order to access its functionality via a Java-enabled Web browser. This involves only minimal requirements from the students, who are only required to install the Java Virtual Machine on their PCs.
On the other hand, the use of the object-oriented skills of Java has enabled the simplification of application extensibility by using a modularized approach for separating the different functionalities of the application.
Implemented functionality
Nowadays, the virtual laboratory allows for the creation of direct and alternating current circuits on the connection board using wires, resistances, capacitors, and inductors. It is important to point out that, with this software, the student must completely set-up the circuit, by linking all the elements and devices on the connection board, as if these were actually in a real laboratory. This is a major advantage compared with other virtual laboratories found on the Internet, where the circuit is almost completely implemented, and the student can only change some parameters and dif-ferent configurations. As far as the authors are aware, only the virtual laboratories of Butz (2006) and Moure (2004) have this built-in feature.
The virtual laboratory permits voltages to be measured in direct currents by means of the analogical voltmeter. The digital multimeter allows both voltage and current to be measured in direct and alternating currents, and frequencies in alternating currents and resistances.
The established virtual laboratory includes a circuit resolution kernel that computes all the voltages and intensities in the circuit by using the matrix method for node tensions, both in the direct current and in the alternating sinusoidal current (Llinares & Page, 1987) .
In this method, given an electrical circuit with n+1 electric nodes, the circuit is solved by the following method:
1. All potential generators are transformed to current generators. For this purpose, we take into account that the short-circuit current of the current generator is given by the following expression:
where ε is the generator electromotive force, and r ε corresponds to its internal resistance. The internal resistance of the current generator is the same as the voltage generator one. 2. The voltage of one node is taken arbitrary to 0 volts. In our case, this is the node number n+1. 3. Then a system of linear equations, with dimension n×n, is assembled:
where I i stands for the short-circuit current of current generators connected to node i, Y ii are the admittances connected to node i, Y ij with i≠j are the admittances simultaneously connected to nodes i and j. V i corresponds to the voltage at node i. The admittance is defined as the inverse of the impedance. The calculations are performed with complex numbers for alternating current, whereas real numbers are employed for direct current circuits. 4. Then, the matrix equation is solved in order to obtain V i . This way, the potential difference between any pair of nodes can be calculated. The intensities measured by the multimeter are calculated as the potential difference between the nodes where the multimeter is connected, divided by the resistance of the multimeter in ammeter function.
The resolution of circuits, when the generator supplies a square wave, requires special resolution techniques. In this case, the program performs a Fourier series of the square wave given by the following expression (Zwillinger, 2003) :
U m stands for the amplitude, and ω 0 is the signal pulsation. For example, by taking the first 100 terms of the Fourier series, we obtain the results shown in Figure 1 .
With this input voltage, the program solves the circuit for each one of the harmonics of the Fourier series as described before, and finally gathers the obtained results to determine the voltage in each of the circuit nodes. Experimental observations have revealed that using the first 50 terms of the Fourier series provides an appropriate representation of the potential difference. Using only 10 terms of the series reveals that a satisfactory reproduction of the potential difference in the terminals of the capacitor in a resistance-capacitor circuit is provided. However, with these terms, the potential difference in the generator terminals is not satisfactorily represented when compared to real measurements in the laboratory. Therefore, the final decision regarding the number of terms of the Fourier series to be employed should depend on the performance capabilities of the client computer. Finally, using 50 terms is an appropriate value for most cases, since it combines a moderate execution time with a satisfactory voltage performance in the electrical circuit.
The following elements and devices have been implemented in the virtual laboratory.
• Connection board: This has six electric nodes, each one of them with three or four pins, allowing the set-up of a great variety of circuits. Two different models of connection boards, as illustrated in Figures 2 and 3 Figure 7 , and it measures potential differences and intensities in both direct and alternating current. It also measures resistances and frequencies. The internal resistance of the device has been considered in the circuit resolution kernel (10 MΩ in voltmeter mode, and 0.003 Ω in ammeter mode).
• Analogical voltmeter: This is a very useful device for observing systematic errors, as shown in Figure 8 . It has a small internal resistance (15 kΩ).
• Scope: The program uses the virtual scope developed by Benlloch Dualde (2002) to measure time-dependent potential differences.
Given all the implemented functionalities, the virtual laboratory can currently simulate most of the practical laboratory sessions of the Physics for Computer Science module at the University Polytechnic of Valencia (Gómez Tejedor, 2006):
• Practical session 1: Equipment and measure devices. Circuit set-ups in direct current. Measurement of the electrical potential difference, current, and resistances at different circuit points. • Practical session 2: Accidental and systematic errors. Evaluation of different techniques to measure resistances by means of Ohm's law in two different circuit set-ups. In the first set-up ( Figure  9 ), the emphasis is placed on accidental errors in the measurements introduced Nowadays, the user manual of the virtual laboratory is very detailed, guiding the student during the practical session, in addition to the teacher's manual, which explains how to easily configure the program for the implementation of new laboratory practices. It is possible to access the program and documentation through the Web page: http://personales. upv.es/jogomez/labvir/ (in Spanish).
uSAge exAmpLeS of the VIrtuAL LAborAtory
The following section describes some examples which show the functionality of the virtual laboratory. The first example illustrates how to determine the value of a resistance by measuring the potential difference and the current in the electrical circuit. There are two different configurations for this circuit. The first layout sets the ammeter in serial with the resistance. The voltmeter is in parallel to both elements (see Figure 9) .
In this case, we have selected 7.5 V in the generator. A measure of 7.5 V in the analogical voltmeter, and 0.521 mA in the digital ammeter is obtained. Subsequently, R, the resistance, is given by:
In addition, we should take into account that the nominal resistance value is 15 kΩ, with 5 % tolerance, and that the program selects a random resistance around the nominal value and between the tolerance limits. Subsequently, the measured resistance of 14.40 kΩ, falls within the expected 15.00 ± 0.75 kΩ interval.
In this case, it is important to point out that the current through the resistance has been measured. However, the potential difference measurement corresponds to the resistance + ammeter set. The measure is very precise, due to the fact that the internal resistance of the ammeter (3 mΩ) is negligible when compared to the circuit resistance of 15 kΩ.
In the second layout, the voltmeter has been linked in parallel to the resistance, and the ammeter in series with both elements (see Figure 10 ).
Once again, a value of 7.5 V was selected on the generator, and measurements of 7.5 V on the analogical voltmeter, and 1.021 mA on the digital ammeter were obtained. This configuration produces an important systematic error, because the measured resistance is 15 kΩ. This is of the same order of magnitude as the internal voltmeter resistance, which is considered in the calculations, obtaining a measured resistance of:
corresponding to the parallel association of both resistances:
The difference between both results can be explained by the fact that the real value of the circuit resistance is randomly taken around the nominal value of 15 kΩ, as previously mentioned.
In Figure 11 , an example of the program in the alternating current is given. The Figure frequency, where the resonance frequency can be clearly observed at around 800 Hz. R =120 Ω, C =4.4 µF, and L = 9 mH.
web Integration
Not only can the virtual laboratory seamlessly run as a stand-alone application, but it can also be deployed as an applet accessible via the Internet. This facilitates its access to students, who only require a Web-browser, and also simplifies the work of the tutors, who have total control of the application. Whenever an updated version of the application is available, the students can automatically use this, without having to reinstall the application. In addition, online access enables to gather statistics regarding application usage.
The application has been designed to be easily configurable without requiring a source code modification. This allows the basic behaviour and layout of the application to be adapted to various practical lessons. This is a very useful asset for laboratory training, as each practical lesson requires a different set of devices and elements. This configuration is currently supplied via arguments to the applet, specified in the Web page which launches the applet.
The program currently allows for the modification of the following parameters:
• Resistances, capacitors, and inductors: A list of these elements, indicating the nominal value and the tolerance can be specified. If the tolerance is not specified, then a value of 5% is assumed. The program assigns a random value between the margins of tolerance to these components. In the case of resistances, if the tolerance is greater than 19 %, then the program considers this to be an unknown resistance, whose nominal value is not known by the student. • Connection board: Two different types of connection board are available. Furthermore, the electric connections between the different connection points can be shown or hidden.
• Voltage source: A direct current generator and a function generator are available. The latter has three independent exits. The short circuit Figure 11 . Circuit LCR series in the alternating current configured in the virtual laboratory. Current evaluated in the circuit as a function of frequency. R =120 Ω, C =4.4 µF and L = 9 mH current, and the internal resistance of the 5 V generator, can be defined. The number of terms used in the Fourier series for the square wave in the function generator can also be selected.
• Analogical voltmeter: The maximum potential difference value, the class error, the divisions of the scale, and their internal resistance can be specified. The class error of the voltmeter is visible to the student in order to acquire the error estimate, but does not influence the calculations.
• Devices: It allows the devices that will be available when the application starts, to be specified. Either two digital multimeters, a digital multimeter with the analogical voltmeter, or one with the virtual scope can be selected • Digital multimeter: The resistance values in the voltmeter and ammeter modes of the digital multimeter can be established.
concLuSIon And AreAS for future Study
During the 2005-6 course, the program has been introduced as a pilot study with a group of approximately 250 students from the Polytechnic University of Valencia. Nowadays, the virtual laboratory is freely accessible through the Web to all students. In order to analyse the impact on student achievement, as well as student satisfaction, we made a questionnaire to a group of 40 students, and also gathered user experiences. According to the results, we can conclude that the students are satisfied with the laboratory skills gained using the virtual laboratory. The virtual laboratory interface was easy to use. It is also worthwhile to point out that there was a strong disagreement between students comparing this online learning with a conventional presential laboratory: some students prefer the online learning, most of them think that they are equivalent, and few of them consider worse the online learning.
On the other hand, it is important to mention that students think that technical problems have interfered with the learning of the content covered. At this moment, we are planning to solve these problems by enhancing the user interface, as well as the robustness of the application.
The results reveal that students who used the virtual laboratory significantly improved their knowledge level of the objectives of the Physics for Computer Science subject. Using a self-training approach in the virtual laboratory, through different practical lessons, enables the students to repeat the same actions they do in the real laboratory. It has been observed that learning by means of the virtual laboratory has assisted students when carrying out laboratory work involving real devices. Therefore, we can conclude that the virtual laboratory has helped the students to learn in a more effective way.
This environment provides the student with the opportunity to learn through free exploration, although a specific performance criterion guides the learning process. In virtual laboratories, the student has the freedom to explore different parameters, observing their effects inside the virtual laboratory. Our results show that Webbased experiments that are designed to be interactive and allow the user to be involved in the learning process are effective for distance education. They facilitate learning objectives and help students learn about the procedure and analysis of data. In conditions where physical laboratory facilities are not available, virtual modules are a suitable replacement.
It is also important to point out that since the Web site has been online (established more than 3 years ago), it has received more than 9,100 visits.
Areas for future development include increasing the simulator functionality by incorporating new components and devices in order to increase the number of practical sessions that can be accomplished with the program. For example:
• Diodes and a transistor to obtain its characteristic curves.
• A chronometer to perform capacitor charge and discharge with a large time constant, by measuring the potential difference with a multimeter as a function of time.
• The inclusion of a variable resistance in order to perform a practical session of Wheatstone's bridge, where an unknown electrical resistance is measured by balancing two legs of a bridge circuit.
In addition, we are planning to migrate the virtual laboratory to a client-server architecture, in order to create a remote laboratory. The idea is to prepare a connection board with real components and devices, thereby producing desirable connections through the use of commutators. Subsequently, the student would be able to set-up the circuit via the Web interface of the virtual laboratory. Hence, instead of simulating the circuit, this could be carried out on the connection board with the help of commutators. Subsequently, the devices would perform real measurements which would be accessible to students through a Web interface.
